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Pathologic glomerular epithelial cell (GEC) hyperplasia is characteristic of both rapidly progressive
glomerulonephritis (RPGN) and subtypes of focal segmental glomerulosclerosis (FSGS). Although
initial podocyte injury resulting in activation of STAT3 signals GEC proliferation in both diseases,
mechanisms regulating this are unknown. Here, we show that the loss of Kriippel-like factor 4
(KLF4), a zinc-finger transcription factor, enhances GEC proliferation in both RPGN and FSGS due to
dysregulated STAT3 signaling. We observed that podocyte-specific knockdown of KIf4 (C57BL/6))
increased STAT3 signaling and exacerbated crescent formation after nephrotoxic serum treatment.
Interestingly, podocyte-specific knockdown of KIf4 in the FVB/N background alone was sufficient
to activate STAT3 signaling, resulting in FSGS with extracapillary proliferation, as well as renal
failure and reduced survival. In cultured podocytes, loss of KLF4 resulted in STAT3 activation and
cell-cycle reentry, leading to mitotic catastrophe. This triggered IL-6 release into the supernatant,
which activated STAT3 signaling in parietal epithelial cells. Conversely, either restoration of KLF4
expression or inhibition of STAT3 signaling improved survival in KLF4-knockdown podocytes.
Finally, human kidney biopsy specimens with RPGN exhibited reduced KLF4 expression with a
concomitant increase in phospho-STAT3 expression as compared with controls. Collectively, these
results suggest the essential role of KLF4/STAT3 signaling in podocyte injury and its regulation of
aberrant GEC proliferation.

Introduction
Proliferation of glomerular epithelial cells (GECs) is the dominant histologic feature of rapidly progres-
sive glomerulonephritis (RPGN), as well as subtypes of focal segmental glomerulosclerosis (FSGS),
particularly the collapsing and cellular variants (1, 2). Lineage tracing experiments have shown that the
majority of proliferating epithelial cells in the hyperplastic lesions in RPGN and collapsing FSGS are
parietal in origin (2), with a lessor contribution from podocytes (3). This pathologic GEC proliferation in
RPGN is the main component of the crescentic lesion, which also contains inflammatory cells, capillary
injury, and/or necrosis (4). Similarly, in collapsing FSGS, these proliferative lesions are described as
pseudo-crescents, which refers to segmental or global collapse of the capillary tuft with pronounced epi-
thelial cell hyperplasia (4). Furthermore, crosstalk between podocytes and parietal epithelial cells (PECs)
is likely to have a role in the pathogenesis of these hyperplastic lesions, as podocyte-specific insult has
been demonstrated to incite crescentic lesions (5).

Activation of signal transducer and activator of transcription 3 (STAT3) has been implicated in the
initiation and progression of both RPGN and collapsing FSGS (6, 7). Podocyte-specific deletion of Stat3
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ameliorated GEC proliferation and crescent formation in a murine model of RPGN, nephrotoxic serum
(NTS) nephritis (6). In addition, global reduction of Stat3 reduced hyperplastic glomerular lesions in a
murine model of HIV-associated nephropathy (HIVAN), associated with collapsing FSGS (7). These prop-
roliferative and proinflammatory functions of STAT3 have also been well described in nonrenal diseases,
where inhibition of STAT3 signaling has been targeted as a therapeutic in malignancies and autoimmune
disorders (8, 9). Although activation of STAT3 signaling plays an important role in the pathogenesis of
RPGN and subtypes of FSGS, the regulation of STAT3 signaling in the podocyte remains unclear.

Krippel-like factors (KLFs) are a family of zinc-finger transcription factors that exert diverse effects
on key biologic processes, including tumorigenesis, immune cell activation, and pluripotency (10, 11).
Although several members in the family have been implicated in cell differentiation (11-13), KLF4 was
first identified as a negative regulator of proliferation by inducing cell-cycle arrest and restoring prodiffer-
entiation markers in intestinal epithelial cells (10, 14). KLLF4 has been reported to inhibit cell-cycle progres-
sion by various mechanisms, including transcriptional activation of the cyclin-dependent kinase inhibitors
(CDKIs) CDKNIA/p27 and CDKNIC/p57 (15, 16), as well as direct inhibition of CCNE! (17) and CCNBI
(18), following DNA damage. In this regard, KLF4 has been shown to possess both prodifferentiation and
antiproliferative properties in several organs and cell types, such as the kidney (19), the intestine (20), and
the neuron (21). Apart from its critical role in cell-cycle regulation, KI.F4 was recently reported to inhibit
activation of STAT3, where genetic deletion of K/f4 increased STAT3 signaling and enhanced axon regen-
eration in retinal ganglion cells after optic nerve injury and in neurons after traumatic brain injury (21, 22).
In addition, KLF4 was shown to be a direct downstream target of STAT3 signaling in embryonic stem cells
(23, 24), suggesting a negative-feedback mechanism.

In the kidney, KLF4 has been studied in endothelial cells, where it plays a protective role in acute
kidney injury (25), as well as in podocytes, where podocyte-specific knockdown of Kif4 increased the sus-
ceptibility to podocyte injury in proteinuric murine models (11, 19, 26). Furthermore, these authors also
demonstrated that KLF4 might mediate the epigenetic changes in podocytes induced by angiotensin recep-
tor blockers (26). However, the role of podocyte-specific KLF4 in diseases of aberrant GEC proliferation
has not been described.

Based on these findings, we sought to determine the role of podocyte-specific KLF4 in regulating
STATS3 signaling in murine models of proliferative glomerulonephritis and how initial glomerular and/or
podocyte injury might lead to extracapillary hypercellularity involving PEC proliferation. Here, we initially
demonstrated that the podocyte-specific loss of KIf4 (C57BL/6J background) exacerbated GEC prolifera-
tion and renal insufficiency in the NTS nephritis murine model. We also observed that the podocyte-spe-
cific loss of Kif4 on the FVB/N background renders the activation of glomerular STAT3 signaling, leading
to FSGS with GEC proliferation and renal failure, with significant reduced overall survival. Furthermore,
we demonstrated that KLLF4 is critical to the maintenance of mature podocyte differentiation markers by
preventing STAT3 activation and cell cycle reentry. Finally, we show that the activation of STAT3 signaling
inversely correlated with KLF4 expression in the glomeruli of kidney biopsies with RPGN as compared
with control specimens.

Results

Podocyte-specific loss of KIf4 exacerbates crescent formation and renal dysfunction after NTS treatment. Earlier studies
have reported that the podocyte-specific loss of Kif4 increases the susceptibility to podocyte injury in protein-
uric murine models (19, 26). In addition, KLLF4 was initially described to play an important role in intestinal
epithelial cell differentiation (14). Since podocytes are terminally differentiated, postmitotic cells and express
KLF4 in the unperturbed state (19), we sought to determine whether the loss of KIf4 specifically in the podo-
cytes exacerbates glomerular diseases with aberrant GEC proliferation. To test this hypothesis, we generat-
ed mice with podocyte-specific K/ knockdown using the Cre-loxP recombination system. Podocin-Cre mice
(C57BL/6J) were crossed with KIf4"" (C57BL/6J) to generate Podocin-Cre KIf4"" mice (F2 generation). To
demonstrate KJf4 knockdown in podocytes, we isolated primary GECs from Podocin-Cre KIf4"" and Podocin-
Cre KIf4*'* mice and observed a significant reduction in KLF4 mRNA and protein expression in Podocin-Cre
KI4"" mice as compared with Podocin-Cre KJf4*'* mice (Supplemental Figure 1, A and B; supplemental mate-
rial available online with this article; https://doi.org/10.1172/jci.insight.98214DS1). Podocin-Cre KIf4"" mice
were fertile with no significant differences in albuminuria, serum creatinine, or body weight as compared with
Podocin-Cre KiIf4*'* mice at 10 weeks of age on the C57BL/6J background.
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Figure 1. NTS-treated Podocin-Cre KIf4"/f mice exhibit a significant increase in crescent formation, albuminuria, and renal failure. Podocin-Cre KIf4"/f
and Podocin-Cre KIf4*/* mice were treated with nephrotoxic serum (NTS) or VEH for 7 and 14 days. (A) Representative images of periodic acid-Schiff (PAS)
staining (x20) (n = 5 in each group at 7 days and n = 3 in each group at 14 days). Arrowheads show crescents. Pound signs mark tubular casts and dilation.
Asterisks show sclerotic glomeruli. (B) Albuminuria (urine albumin/creatinine) and (C) serum creatinine at 7 and 14 days after treatment (n = 5 at 7 days, n
=3 at 14 days; *P < 0.05, **P < 0.01, ***P < 0.001; Kruskal-Wallis test with Dunn’s post hoc test). Scale bars: 100 pm.

To assess whether the podocyte-specific loss of KIf4 increases the susceptibility to podocyte injury and
GEC proliferation, we utilized an accelerated autologous-phase NTS model, using i.p. sheep NTS in mice
preimmunized with sheep IgG to generate crescentic glomerulonephritis (6, 27). Podocin-Cre KIf4*'* and
Podocin-Cre KIf4"" mice were treated with NTS or vehicle (VEH). Seven days after treatment, NTS-treated
Podocin-Cre KIf4"" mice exhibited a significant increase in the percentage of glomeruli with crescents as com-
pared with all other groups (Figure 1A and Table 1). Although all NTS-treated mice exhibited a reduction
in crescent formation by 14 days as compared with 7 days, we only observed a significant increase in the
percent FSGS lesions and tubulointerstitial inflammation in the NTS-treated Podocin-Cre KIf4"" as compared
with VEH-treated groups (Figure 1A and Table 1). Functionally, we also observed a significant increase in
albuminuria in Podocin-Cre KIf4"’ mice as compared with Podocin-Cre Kif4*"* mice at 7 days after NTS treat-
ment (Figure 1B). Interestingly, the albuminuria returned to baseline in the NTS-treated Podocin-Cre KIf4*'*
mice as compared with NTS-treated Podocin-Cre KIf4"" mice by 14 days (Figure 1B). Similarly, serum creati-
nine was increased in all NTS-treated mice as compared with VEH-treated mice at 7 days, but all returned to
baseline at 14 days — except for NTS-treated Podocin-Cre KIf4"" (Figure 1C). Combined, these data suggest
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Table 1. Quantification of histologic change in nephrotoxic serum nephritis model

% Crescents % FSGS lesions Tubulointerstitial
Inflammation Fibrosis
(0-3+) (0-3+)
Podocin-Cre KIf4*/* + PBS 0.0 0.0 0.0 0.0
7Days Podocin-Cre KIf4"/f + PBS 0.0 0.0 0.0 0.0
Podocin-Cre KIf4** + NTS 1n.4+8.9" 0.0 0.8+0.4" 0.0
Podocin-Cre KIf4"/f + NTS 29.2 +10.7A8 0.0 1.0+ 0.7% 0.2+04
Podocin-Cre KIf4*/* + PBS 0.0 0.0 0.0 0.0
14 Days Podocin-Cre KIf4"/f + PBS 0.0 0.0 0.0 0.0
Podocin-Cre KIf4*/* + NTS 0.6+0.6 9.0+4.5 0.6+0.6 0.6+0.6
Podocin-Cre KIf4"/f + NTS 2.5+0.54 22.0 +6.0% 2.5+ 0.5 +0

AP < 0.05 compared with PBS-treated mice. 8P < 0.05 compared with NTS-treated Podocin-Cre KIf4** mice. Tubulointerstitial scoring: 0, none; 1, <10%; 2,

100/0-250/0; 3, >25%-50%.

that the conditional knockdown of Kif4 in podocytes exacerbates crescent formation and renal dysfunction,
with eventual FSGS in a murine model of RPGN.

Podocyte-specific Kif4 knockdown exacerbates loss of podocyte markers after NTS treatment. Loss of mature
podocyte differentiation markers has previously been reported in crescentic glomerulonephritis (2, 6). To
ascertain whether podocyte-specific K/f4 knockdown exacerbates the loss of podocyte differentiation mark-
ers after NTS treatment, we evaluated the expression of Nephrin, Synaptopodin, and Wilms Tumor 1
(WT1) by immunostaining. While both NTS-treated groups exhibited a reduction in Nephrin, Synaptopo-
din, and WT1 expression as compared with VEH-treated controls, this was significantly exaggerated in
NTS-treated Podocin-Cre KIf4"" mice as compared with all other groups at 7 days after treatment (Figure 2,
A-D). Taken together, these data show that the podocyte-specific loss of KIf4 exacerbates the loss of mature
podocyte markers in a murine model of RPGN.

NTS-treated podocyte-specific Kif4-knockdown mice exhibit increased STAT3 activation. Since podocyte-de-
rived STAT3 signaling has been suggested to drive GEC proliferation and crescent formation after NTS
treatment (6), we initially measured activation of STAT3 signaling by performing immunofluorescence for
phospho-STAT3 (tyrosine 705; Y705) at 7 days after treatment. Although we did not observe any substan-
tial glomerular phospho-STATS3 staining in Podocin-Cre KIf4"" or Podocin-Cre KIf4*'* mice at baseline on the
C57BL/6J background (Figure 3, A and B), NTS-treated Podocin-Cre KIf4"" mice exhibited a significant
increase in the percentage of glomeruli with positive nuclear staining for phospho-STAT3 compared with
NTS-treated Podocin-Cre KIf4*'* mice (Figure 3, A and B). We also observed a significant increase in mRNA
expression of downstream targets of STAT3 signaling (Intercellular adhesion molecule 1 [Icam-1], II-6, and
Suppressor of cytokine signaling 3 [Socs3]) in isolated glomeruli from NTS-treated Podocin-Cre KIf4"" mice as
compared with all other groups, with no significant changes in Stat3 mRNA expression (Figure 3, C-F).

To determine whether the increased STAT3 signaling correlated with increased GEC proliferation, we
performed immunostaining for the proliferation marker Ki67. We observed a significant increase in the number
of Ki67* cells per glomerular cross-sectional area in NTS-treated Podocin-Cre KIf#"" mice as compared with all
other groups (Figure 3G), with no significant glomerular Ki67 staining in VEH-treated mice (Figure 3G). Since
activated PECs are the predominant cell type in crescentic lesions (2), we also performed immunostaining
for both Claudin-1 and CD44 (marker of activated PECs). Glomerular Claudin-1 and CD44 expression was
increased in all NTS-treated mice and was significantly elevated in the Podocin-Cre KIf4"" mice as compared
with Podocin-Cre KIf4*'* mice (Figure 3, H and I, and Supplemental Figure 2, A and B). Furthermore, we
observed colocalization of CD44 with phospho-STAT3 in a subset of cells after NTS treatment in Podocin-Cre
KIf4"" mice (Supplemental Figure 2C). Combined, these findings suggest that the podocyte-specific loss of Kif4
contributes to increased activation of STAT3 signaling and PEC accumulation in a murine model of RPGN.

Podocyte-specific Kifd-knockdown mice on the FVB/N background develop FSGS with renal failure and reduced sur-
vival. The FVB/N mouse strain was previously reported to exhibit increased susceptibility to glomerular disease
as compared with the C57BL/6J mouse strain (28), which might be partially due to enhanced constitutive acti-
vation of STATS3 signaling (29). To assess whether the podocyte-specific loss of KJf4 contributed to glomerular
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Figure 2. Podocin-Cre KIf4"/" mice exhibit significant podocyte injury after NTS treatment. Podocin-Cre KIf4"" and Podocin-Cre KIf4*/* mice were treated
with nephrotoxic serum (NTS) or VEH for 7 days. (A) Representative images of immunostaining for Nephrin (upper panel), Synaptopodin (Synpo; middle
panel) and WT1 (lower panel) (x20). The glomerular region was selected and intensity of staining (OD) is shown as a relative fold change to untreated
Podocin-Cre KIf4*/* mice for (B) Nephrin (n = 5 in each group) and (C) Synpo (n = 3-4 in each group). (D) Number of WT1* cells per glomerular cross-sectional
area (n = 5in each group). *P < 0.05, **P < 0.01, ***P < 0.001; Kruskal-Wallis test with Dunn’s post hoc test. Scale bars: 40 pm.
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disease in this susceptible strain, we backcrossed Podocin-Cre KIf4"" mice on the C57BL/6J background to the
FVB/N background (9 generations). Podocin-Cre KIf4"" (FVB/N) were born at the expected Mendelian frequen-
cy but, by 12 weeks of age, developed FSGS, with pseudo-crescent formation and widespread proteinaceous
casts as compared with Podocin-Cre KIf4*'* littermates (Figure 4A and Table 2). Periodic acid-Schiff (PAS) stain-
ing revealed podocyte detachment with shedding into the urinary space and GEC hyperplasia, as well as mitotic
GECs (Figure 4A). Ultrastructural changes by electron microscopy (EM) showed that Podocin-Cre KIf4"" mice
exhibited extensive foot process effacement with areas of denuded basement membrane (Figure 4B). Further-
more, we noted several instances of PEC cytoplasmic extensions bridging from Bowman'’s capsule to a denuded
glomerular tuft in the Podocin-Cre KIf#"/ mice by both PAS staining and EM (Figures 4, A and B). EM also
revealed intracytoplasmic protein resorption droplets and enlarged, swollen mitochondria with disrupted cristae
(Figure 4B). In addition, Podocin-Cre Kif#"/" mice also experienced a significant increase in albuminuria and
serum creatinine as compared with Podocin-Cre KJf4*'+ mice at 12 weeks of age (Figure 4, C and D). Evaluation
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Figure 3. Podocin-Cre KIf4™"f mice exhibit increased STAT3 activation and parietal epithelial cell accumulation after NTS treatment. Podocin-Cre
KIf4"/f and Podocin-Cre KIf4** mice were treated with nephrotoxic serum (NTS) or VEH for 7 days. (A) Representative images of phospho-STAT3 immu-
nostaining. Arrowheads show nuclear phospho-STAT3 staining (x20). Scale bars: 20 pm. (B) Percent of glomeruli with nuclear phospho-STAT3 staining
(n = 5in each group, 30 glomeruli per mouse; **P < 0.01; Kruskal-Wallis test with Dunn’s post hoc test). (C) lcam-1, (D) II-6, (E) Socs3, and (F) Stat3
mRNA expression in glomeruli (n = 4-5 in each group; *P < 0.05, **P < 0.01, ***P < 0.001; Kruskal-Wallis test with Dunn’s post hoc test). (G) Immunos-
taining for Ki67 was performed, and the number of Ki67* cells per glomeruli were determined (n = 5 in each group, 30 glomeruli per mouse; **P < 0.01;
Kruskal-Wallis test with Dunn's post hoc test). (H and 1) Representative images of Claudin-1immunostaining (x20) with quantification of percent area
stained (n = 5 in each group, 30 glomeruli per mouse; *P < 0.05, **P < 0.01; Kruskal-Wallis test with Dunn'’s post hoc test). Scale bars: 40 pm.
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of younger Podocin-Cre KIf4"" mice revealed normal urinary albumin excretion up until approximately 4 weeks
of age, and the development of mild proteinuria starting at 5-6 weeks of age (Supplemental Figure 3A, inset),
with marked albuminuria by 8-9 weeks of age (Supplemental Figure 3A). Furthermore, there was not a rise in
serum creatinine at 5 weeks of age (Supplemental Figure 3B). These findings suggest that podocyte injury was
likely not secondary to a loss of KJf4 during podocyte development — rather, they suggest that Kif is required
for maturation and maintenance of mature podocyte differentiation markers. Finally, we observed a significant
increase in mortality in the Podocin-Cre KIf4"" mice as compared with Podocin-Cre KJf4*'*, with less than a third
surviving at 52 weeks of age (Figure 4E).

In addition to the renal dysfunction and FSGS observed in the Podocin-Cre KIf4"" mice on the FVB/N
background, Nephrin, Synaptopodin, and WT1 mRNA and protein expression were also significantly
reduced as compared with Podocin-Cre Kif4*'* littermates at 12 weeks of age (Figure 5, A—C). However,
these changes in Nephrin and Synapropodin mRINA were not statistically significant at 5 weeks of age (Sup-
plemental Figure 3C), suggesting that podocyte injury is more likely a result of impaired maintenance of
mature podocyte differentiation markers in adult Podocin-Cre KIf4"" mice. Finally, immunostaining for p57
— which has previously been shown to be highly expressed in mature, differentiated podocytes and reduced
in cellular FSGS lesions (30) — demonstrated a marked decrease in Podocin-Cre KIf4"" mice as compared
with Podocin-Cre KIf4*'* littermates at 12 weeks of age (Figure 5D). These data suggest that the knockdown
of KIf4 in podocytes on the FVB/N background contributed to the loss of differentiation markers and
podocyte injury, leading to progressive and significant albuminuria and FSGS with GEC proliferation.

Podocyte-specific Kif4 knockdown mice on the FVB/N background exhibit increased STAT3 activation and GEC pro-
liferation. STAT3 activation has been implicated in the development of various subtypes of FSGS (31, 32). To
assess whether activation of STAT3 signaling was associated with the FSGS lesions observed in Podocin-Cre
KIf4"" (FVB/N) mice, we performed immunostaining for phospho-STAT3. We observed a small percentage of
glomeruli with phospho-STAT3* cells in Podocin-Cre KIf4*'* mice, with a marked increase in Podocin-Cre KIf4""
mice (Figure 6A). In these Podocin-Cre KIf4"" mice, glomerular phospho-STAT3 was expressed in both podocytes
and PECs, as evidenced by its coexpression with the podocyte marker Nestin and the PEC markers Claudin-1
and CD44 (Figure 6, B and C, and Supplemental Figure 4). Since Podocin-Cre KIf4"" mice exhibited a significant
increase in epithelial cells in the Bowman’s space (i.e., pseudo-crescent formation), we performed immunofluo-
rescence for Ki67 to determine if these cells were proliferating. We observed a marked increase in Ki67 staining
in the periphery of glomeruli of Podocin-Cre KIf4"" mice as compared with Podocin-Cre Kif4*'* mice (Figure
6D). To further delineate the source of proliferating cells, we costained Ki67 with the PEC marker Claudin-1.
‘We observed a significant increase in glomerular Claudin-1 expression in Podocin-Cre KIf4"" mice as compared
with Podocin-Cre KIf4** mice (Figure 6D). In addition, Claudin-1 coexpressed with Ki67, suggesting these pro-
liferating GECs were likely of PEC origin (Figure 6D). We validated these findings by staining for CD44 and
showing that Podocin-Cre KIf4** mice exhibit no glomerular CD44 expression, which was markedly increased in
Podocin-Cre KIf4"" mice (Supplemental Figure 4). Downstream targets of STAT3 activation (/-6, Socs3, Icam-1)
were also significantly increased in the glomeruli of Podocin-Cre KIf4"" mice as compared with Podocin-Cre KIf4*'*
mice (Figure 6E). No significant changes were observed in Star3 mRNA expression (Figure 6E). Finally, we
used the selective STAT3 inhibitor S31-201, which binds to the SH2 domain (33, 34), to determine if inhibiting
STAT3 signaling partially rescues the phenotype of the Pod-Cre KIf4"" (FVB/N) mice. We randomized Podocin-
Cre KIf4"" mice at 7 weeks of age that had dipstick-positive proteinuria to receive either S31-201 (i.p., 10 mg/
kg, 3 times weekly) or DMSO for a total of 3 weeks and measured albuminuria weekly. We observed that S31-
201-treated Podocin-Cre KIf4"" mice exhibited significantly less albuminuria at 11 weeks of age as compared with
the DMSO-treated Podocin-Cre Kif#"/ mice (Figure 6F). Collectively, these data suggest that the FSGS lesions
observed in the Podocin-Cre KIf4"" mice on the FVB/N background might be due to enhanced activation of both
podocyte and PEC/STATS3 signaling, leading to dysregulated PEC proliferation and FSGS.
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Figure 4. Podocin-Cre KIf4"/7 (FVB/N) mice exhibit FSGS, renal failure and reduced survival. (A) Representative images of periodic acid-Schiff (PAS)
staining for Podocin-Cre KIf4** (FVB/N) mice (i: x10 and ii: x40) and Podocin-Cre KIf4"f (FVB/N) mice (iii: x10 and iv-viii: x40). Representative images
show (iv-v) podocyte detachment (arrowhead, inset 120x), (vi) extracapillary proliferation (pound sign), (vi) glomerular epithelial cell mitosis (arrow, inset
120x), and (vii-viii) parietal epithelial cytoplasmic extensions (asterisk). Scale bars: 50 pm (10x images), 20 pm (40x images). (B) Electron microscopy was
performed to assess ultrastructural changes in podocyte morphology (x6,800; x13,000; and x49,000; scale bars: 3 pm, 750 nm, and 600 nm, respectively).

insight.jci.org  https://doi.org/10.1172/jci.insight.98214


https://doi.org/10.1172/jci.insight.98214

. RESEARCH ARTICLE

Representative images show normal upright foot processes (arrow), podocyte effacement and denuded basement membrane (arrowhead), parietal epithe-
lial cytoplasmic extensions (asterisk), and enlarged mitochondria with disrupted cristae (pound sign). (C) Albuminuria (urine albumin/creatinine) (n =10 in
Podocin-Cre KIf4*+ and 17 in Podocin-Cre KIf477; **P < 0.01; Mann-Whitney U test) and (D) serum creatinine at 12 weeks of age (n = 7 in Podocin-Cre KIf4*/*
and 10 in Podocin-Cre KIf4%/f; **P < 0.01; Mann-Whitney U test). (E) Survival curves for Podocin-Cre KIf4*/+ and Podocin-Cre KIf4"/7 mice are shown till age
52 weeks (n = 30-40 in each group; P = 0.002; log-rank [Mantel-Cox] test).
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FVB/N mice exhibit basal levels of constitutively activated STAT3 compared with C57BL/6J mice. Since previous
reports demonstrated that FVB/N mice exhibit some activation of STAT3 signaling at baseline (28), we pos-
tulated whether enhanced activation of STAT3 signaling might be contributing to proliferative FSGS lesions
observed in the Podocin-Cre KIf4"" mice on the FVB/N background as compared the C57BL/6J background.
‘We observed an increase in phospho-STAT3* cells in the glomeruli of WT FVB/N mice as compared with WT
C57BL/6J mice with colocalization to a podocyte-specific marker, WT1 (Supplemental Figure 5, A and B). In
comparison, we observed no phospho-STAT3" cells in the glomeruli of the WT C57BL/6J mice (Supplemen-
tal Figure 5, A and B). In addition, no significant differences were observed in glomerular Staz3 mRNA expres-
sion between WT mice of both strains (Supplemental Figure 5C). Similarly, Podocin-Cre Kif4"" (FVB/N) mice
exhibited an increase in phospho-STAT3 expression as compared with Podocin-Cre KIf4"" (C57BL/6J) mice by
Western blot (Supplemental Figure 5, D and E). Taken together, these data suggest that increased activation of
STATS3 signaling might contribute to the development of FSGS in the Podocin-Cre KIf#"" mice on the FVB/N
background, as compared with the C57BL/6J background.

KLF4 knockdown in podocytes results in cell cycle reentry, mitotic catastrophe, reduced podocyte survival, and
increased paracrine IL-6 signaling. To assess the mechanism by which the loss of KLF4 exacerbated podo-
cyte injury in vivo, we generated human podocytes with both partial (KLF4-shRNA21) and near complete
(KLF4-shRNA22) knockdown for KLF4 (Supplemental Figures 6, A and B), in addition to a control cell
line (Scr-shRNAZ22). Prior studies have demonstrated that KLLF4 is highly expressed in differentiated human
podocytes, as demonstrated by increased expression of KLF4 in differentiated, nonpermissive (37°C),
as compared with undifferentiated, permissive (33°C) conditions (19). As such, at permissive conditions
(33°C), none of the 3 podocyte lines exhibited significant changes in survival. However, under nonpermis-
sive conditions (37°C), both KLF4-shRNA22 and KLF4-shRNA21 podocytes demonstrated reduced survival
as compared with Scr-shRNA cells at day 3, 7, 10, and 14 days of differentiation (Figure 7A). Interestingly,
KLF4-shRNA22 podocytes, which had more efficient knockdown of KLF4, exhibited more cell death, there-
by suggesting that the efficiency of KLF4 knockdown contributes to cell survival (Figure 7A). Furthermore,
we measured cell viability using the 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTS)
assay, which confirmed a significant decrease in podocyte viability in KLF4-shRNA22 as compared with
Scr-shRNA under nonpermissive conditions (Figure 7B). To investigate the basis of this podocyte loss, we
performed cell cycle analysis at day 3 of differentiation and noted a marked decrease in percentage of cells
in G,/G, phase with a concurrent increase in both S and G,/M phases in KLF4-shRNA22 as compared
with Ser-shRNA podocytes (Figure 7C). This cell-cycle reentry was confirmed by demonstrating a signif-
icant increase in both CCNEI and CCNA2, as well as a decrease in CCND! expression in KLF4-shRNA22
as compared with Scr-shRNA podocytes (Figure 7D). Similarly, we observed an increase in Ki67 staining
(Supplemental Figure 6C), as well as an increase in binucleated podocytes (Supplemental Figure 6D) by
day 3 of differentiation in KLF4-shRNA22 as compared with Scr-shRNA podocytes. We postulated that this
dysregulated cell cycle progression might be due to the loss of cell cycle inhibition, as KLF4 has been
shown to transcriptionally upregulate p57 (35). Interestingly, we observed nearly a 10-fold reduction in p57
expression in KLF4-shRNA22 as compared with Scr-shRNA podocytes (Figure 7D).

To further demonstrate that the loss of podocyte differentiation markers contributed to reduced cell
survival in KLF4-shRNAZ22 podocytes, we performed immunostaining for F-actin and observed a loss of
actin stress fiber formation in KLF4-shRNA22 podocytes as compared with Scr-shRNA podocytes at 3 and
5 days of differentiation (Supplemental Figure 6D and Figure 7E, respectively). Furthermore, nuclei of
KILF4-shRNA22 podocytes were noted to be small and contracted with multiple apoptotic bodies (Figure
7E). We confirmed this increased apoptosis in KLF4-shRNA22 podocytes as compared with Scr-shRNA
podocytes using FACS analysis with annexin V and propidium iodide staining (Figure 7F).

Finally, to assess the role of STAT3 signaling in differentiated podocytes, we measured phos-
pho-STAT3 expression under permissive and nonpermissive conditions. In Scr-shRNA podocytes, phos-
pho-STAT3 expression was significantly increased at 33°C as compared with 37°C, suggesting suppression
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Table 2. Quantification of histologic changes in FVB/N model

% Focal sclerosis % Global sclerosis % Pseudo-crescents
Podocin-Cre KIf4*/* 0.0 0.0 0.0
Podocin-Cre KIf4™'" 21.7 +10.0% 0.0 24 1.2

AP < 0.05. Tubulointerstitial scoring: 0, none; 1, <10%; 2, 10%-25%; 3, >25%-50%.

Tubulointerstitial

Inflammation (0-3+)
0.0
1.0 £ 0.44

Fibrosis (0-3+)
0.0
0.3+16

of STAT3 signaling in the differentiated state (Figure 8A). Interestingly, KLF4-shRNA22 podocytes exhibit-
ed reactivation in STAT3 signaling compared with Scr-shRNA podocytes under nonpermissive conditions,
as demonstrated by increased IL-6 and phospho-STAT3 expression (Figure 8, B and C). To determine
whether pharmacological inhibition of STAT3 signaling might improve cell survival, we treated KLF4-shR-
NA22 podocytes with the STAT3 inhibitor S31-201 under nonpermissive conditions. We observed a par-
tial restoration in survival of S31-201-treated KLF4-shRNA22 podocytes as compared with DMSO-treated
KLF4-shRNA22 podocytes at 72 hours after treatment (Figure 8D).

We previously demonstrated that the podocyte-specific loss of KLF4 contributed to the activation of
STAT3-induced PEC proliferation (Figure 6). To determine the mechanism by which KLF4 knockdown in
podocytes activates STAT3 signaling in PECs, we measured IL-6 levels in the supernatant of Scr-shRNA and
KILF4-shRNA22 podocytes and observed a significant increase in KLF4-shRNA22 podocytes as compared
with Scr-shRNA podocytes (Figure 8E). Since previous studies have demonstrated that IL-6 is an activator
of STAT3 signaling (36), we treated primary cultured PECs with the supernatant from KLF4-shRNA22 and
Scr-shRNA podocytes for 24 hours. Interestingly, phospho-STAT3 expression was increased in PECs treated
with supernatant from KLF4-shRNA22 podocytes as compared with Sc-shRNA podocytes (Figure 8F). We
subsequently treated cultured PECs with supernatant from Scr-shRNA and KLF4-shRNA22 podocytes, and in
combination with either the STAT3 inhibitor S31-201 or DMSO. After 24 hours of treatment, we observed
a significant increase in proliferation in PECs treated with supernatant from KLF4-shRNA22 podocytes as
compared with Scr-shRNA podocytes (Figure 8G). Interestingly, concurrent treatment with S31-201 attenuat-
ed proliferation in PECs exposed to supernatant from KLF4-shRNA22 podocytes (Figure 8G).

Taken together, our findings suggest that the knockdown of KLF4 in differentiated podocytes acti-
vates STAT?3 signaling, leading to a loss of mature podocyte differentiation markers and eventual mitotic
catastrophe and podocyte death, while triggering the release of IL-6 to induce STAT3 activation in PECs.

KLF4 overexpression reduces LIF-induced STAT3 signaling and cell cycle progression. To assess whether the over-
expression of KLF4 has a protective role in podocytes, we generated human podocytes with stable overexpres-
sion of KLF4 (LentiORF-KLF4) and control (LentiORF-RFP) (Figure 9A). To evaluate cell cycle progression, we
performed FACS analysis under permissive conditions and determined an increase in the percentage of cells in
G,/G, phase in LentiORF-KLF4 podocytes as compared with LentiORF-RFP podocytes (Figure 9B). Next, to
evaluate the effect of KLF4 overexpression on STAT3 activation, we treated differentiated LentiORF-KLF4 and
LentiORF-RFP podocytes with leukemia inhibitor factor (LIF), a known STAT3 activator (37), for 15 minutes
and subsequently measured /L-6 expression. /L-6 expression was significantly increased after LIF treatment in
LentiORF-RFP podocytes as compared with LentiORF-KLF4 podocytes, suggesting that KLF4 induction inhib-
ited the early effects of STAT3 signaling (Figure 9C). As overexpression of KLF4 in neurons has been demon-
strated to similarly suppress downstream signaling by binding to phospho-STAT3 (21), we sought to validate
this interaction in podocytes. We immunoprecipitated KLF4 with anti-KLF4 antibody in LentiORF-RFP and
LentiORF-KLF4 podocytes and subsequently immunoblotted for phospho-STAT3 to demonstrate that there is
enhanced binding of KLF4 to phospho-STAT3 upon KLF4 overexpression (Figure 9D).

To demonstrate reversibility, restoration of KLF4 expression in KLF4-shRNA22 podocytes markedly
improved cell survival under nonpermissive conditions (Figure 9E). In addition, treatment of cultured
PECs with supernatant from LentiORF-KLF4 podocytes did not alter cell proliferation as compared with
supernatant from LentiORF-RFP podocytes, contrary to the increase in PEC proliferation with exposure to
supernatant from KLF4-shRNA22 podocytes (Supplemental Figure 6E and Figure 8G). Collectively, these
data suggest that KL.F4 is critical to the maintenance of mature differentiation markers and cell survival by
preventing the activation of STAT3 signaling.
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Figure 5. Podocin-Cre KIf4™'f (FVB/N) mice exhibit significant podocyte
injury. (A) Representative images of immunostaining for Nephrin (upper
panel), Synaptopodin (Synpo) (middle panel), and WT1 (lower panel) in
Podocin-Cre KIf4"f (FVB/N) and Podocin-Cre KIf4*+ (FVB/N) mice (x20).
(B) The glomerular region was selected, and intensity (OD) was measured
and quantified as a relative fold change to untreated Podocin-Cre KIf4+/+
(FVB/N) mice for Nephrin (upper panel) and Synpo (middle panel) (n =

5 in each group, 30 glomeruli per mouse). The number of WT1* cells per
glomerular cross-sectional area (lower panel) (n = 4-5 in each group, 30
glomeruli per mouse). *P < 0.05; **P < 0.01; Mann-Whitney U test. (C)
Nephrin, Synaptopodin, and Wt1 mRNA expression levels in glomeruli (n
=4 in each group; *P < 0.05; Mann-Whitney U test). (D) Representative
images of p57 immunostaining (top panel). Quantification of percent
p57+ cells per glomeruli (bottom panel) (n = 5 in each group; **P < 0.07;
Mann-Whitney U test). Scale bars: 40 pm.
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Figure 6. Podocin-Cre KIf4" (FVB/N) mice exhibit STAT3 activation and parietal
epithelial cell proliferation. (A) Representative images of immunostaining for
phospho-STAT3 in Podocin-Cre KIf4™f (FVB/N) and Podocin-Cre KIf4*/* (FVB/N) mice
(left panel) (x20). Percent of glomeruli with nuclear phospho-STAT3 staining (right
panel) (n = 5-9 in each group, 30 glomeruli per mouse; **P < 0.01; Mann-Whitney U
test). Representative images for phospho-STAT3 and Nestin (B) and phospho-STAT3
and Claudin-1 (C€) coimmunostaining in Podocin-Cre KIf4"7 mice (x20). Arrowheads
demonstrate coexpression of nuclear phospho-STAT3 with Nestin and Claudin-1.

(D) Representative images for Claudin-1and Ki67 immunostaining (x20) (n = 5 per
group). Arrowheads demonstrate coexpression of nuclear Ki67 with Claudin-1. (E)
Socs3, II-6, Icam-1, and Stat3 mRNA expression levels in glomeruli (n = 4-5 in each
group; *P < 0.05, **P < 0.01; Mann-Whitney U test). (F) Podocin-Cre KIf4"7 (7 weeks)
with dipstick-positive proteinuria were randomized to receive 531-201 (10 mg/kg)

or DMSO for 3 weeks. Albuminuria (urine albumin/creatinine) at 7 weeks (pretreat-
ment) and at 11 weeks of age (after treatment) (n = 4-5 in each group, *P < 0.05, **P
< 0.01, Kruskal-Wallis test with Dunn’s post hoc test). Scale bars: 40 pm.
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Figure 7. shRNA-mediated KLF4 knockdown increased the susceptibility to mitotic catastrophe. Control (Scr-shRNA) and KLF4 knockdown
(KLF4-shRNA21 and KLF4-shRNA22) human podocytes were transferred from 33°C (permissive) to 37°C (nonpermissive) to induce differentiation.
(A) Cell survival (counting) at 3, 7,10, and 14 days in 37°C (n = 6; ***P < 0.001 as compared with Scr-shRNA, *P < 0.05, #*P < 0.01, and *##P < 0.001 as
compared with KLF4-shRNAZ21; 2-way ANOVA with Tukey's multiple comparisons post hoc test). (B) Cell viability (MTS assay) at day 3, 7, and 10 in
37°C (n = 6-8; ***P < 0.001; Mann-Whitney U test). (C) Cell cycle analysis at day 3 in 37°C. Percentages of human podocytes in sub-G,, G,/G,, S, and
G,/M phases in left panel (n = 3; *P < 0.05, ***P < 0.001; Mann-Whitney U test). Histograms generated with ModFit software to evaluate the relative
cell count in each cell cycle stage. (D) CCNA2, CCNB1, CCNE1, CCND1, and p57 mRNA expression are shown relative to Scr-shRNA podocytes at day 3
in 37°C (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001; Mann-Whitney U test). (E) Representative images of Phalloidin and Hoechst staining in surviving
Scr-shRNA and KLF4-shRNA22 podocytes at 5 days in 37°C to evaluate for actin stress fiber formation and apoptotic bodies (n = 3, x20). Inset shows
higher magnification (x60). Arrowheads show apoptotic bodies. (F) Annexin V/propidium iodide staining in combination with FACS at 3 days in 37°C
(n = 3; *P < 0.05; Mann-Whitney U test). Scale bars: 100 pm.
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Figure 8. shRNA-mediated KLF4 knockdown resulted in activation of STAT3 signaling.

(A) Representative images of Western blot for phospho-STAT3, total STAT3, and GAPDH in
WT human podocytes at 33°C and after 14 days of differentiation at 37°C (n = 3, left panel).
Quantification of phospho-STAT3 expression by densitometry (right panel) (n = 3; *P < 0.05;
Mann-Whitney U test). (B) /L-6 mMRNA expression relative to Scr-shRNA podocytes at day 3 in
37°C (n = 3; *P < 0.05; Mann-Whitney U test). (C) Representative images of phospho-STAT3
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and Hoechst immunostaining (n = 3, x20). Arrowheads show nuclear phospho-STAT3 stain-
ing. Inset shown for apoptotic bodies and phospho-STAT3 staining (x60). (D) KLF4-shRNA22
podocytes were treated with 531-201 (12.5 um) or DMSO for 48 hours under nonpermissive
conditions. Cell viability (MTS assay) as a fold change in absorbency (n = 10-12; ***P < 0.007;
Mann-Whitney U test). (E) IL-6 levels in supernatant from KLF4-shRNA22 and Scr-shRNA
podocytes at day 3 in 37°C (n = 3; **P < 0.01; Mann-Whitney U test). (F) Glomeruli were
isolated from WT mice and cultured for 4 days before treatment with supernatant from
Scr-shRNA and KLF4-shRNA22 podocytes for 24 hours. Representative images of Claudin-1
and phospho-STAT3 immunostaining to assess STAT3 activation in PECs (n = 3, x20). (G)
Differentiated mouse PECs treated for 24 hours with supernatant from Scr-shRNA and
KLF4-shRNAZ22 and either S31-201 or DMSO. Cell proliferation (MTS assay) as a fold change in
absorbency (n = 10-12; *P < 0.05, ***P < 0.001; Mann-Whitney U test). Scale bars: 50 pm.
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Figure 9. Overexpression of KLF4 reduces cytokine-induced STAT3 signaling and cell cycle progression. (A) Representative Western blot confirms
stable overexpression for KLF4 (LentiORF-KLF4) and control vector (LentiORF-RFP) (n = 3). (B) Cell cycle analysis of LentiORF-KLF4 and Len-
tiORF-RFP human podocytes under permissive conditions (n = 3, **P < 0.01; Mann-Whitney U test). (C) Differentiated LentiORF-KLF4 and Len-
tiORF-RFP human podocytes were treated with leukemia inhibitory factor (LIF) (100 ng/ml for 15 minutes) to activate STAT3 signaling, with vehicle
(VEH) as control and /L-6 mRNA expression measured (n = 3; **P < 0.01; Mann-Whitney U test). (D) Representative blot of co-IP with initial IP of
KLF4 with anti-KLF4 antibody and immunoblotted for phospho-STAT3 (n = 3). 1gG isotype serves as control for IP, and GAPDH serves as the loading
control. (E) KLF4-shRNA22 podocytes were transfected with LentiORF-KLF4 or LentiORF-RFP, and MTS assay was performed at day 3, 7, and 10 in

37°C (n = 6-10, **P < 0.01 Kruskal-Wallis test with Dunn’s post hoc test).

Increased phospho-STAT3 and decreased KLF4 expression in human RPGN. To evaluate the role of KLF4
in human RPGN, we analyzed previously reported gene expression arrays from micro-dissected glomer-
ular samples from patients with RPGN and healthy living donors deposited in Nephroseq (38), and we
observed a significant reduction in glomerular KLF4 expression in RPGN (Figure 10A). To confirm this
and to further delineate the relationship between KLF4 and STAT?3 signaling in human RPGN, we per-
formed immunostaining for KLF4 and phospho-STATS3 in kidney biopsy specimens from control subjects
and from patients with RPGN (including both pauci-immune glomerulonephritis and antiglomerular base-
ment membrane disease). We observed a significant decrease in the percentage of glomerular KLF4" cells
with a concomitant increase in the percentage of glomerular phospho-STAT3* cells in RPGN biopsies as
compared with control specimens (Figure 10, B and C). This corroborates prior investigations into the role
of STAT3 activation in human glomerulonephritis, which showed increased phospho-STAT3 expression in
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Figure 10. Reduced KLF4 expression and increased phospho-STAT3 expression in human RPGN. (A) Previously reported gene expression from
microdissected glomeruli (38) were used to analyze KLF4 mRNA expression from patients with RPGN as compared with normal controls (*P < 0.05;
unpaired 2-tailed t test). (B) Immunofluorescence for KLF4 and phospho-STAT3 was performed in control (n = 4) and RPGN (n = 8) specimens. Six to
12 glomeruli per biopsy were selected, and the percentage of KLF4* and phospho-STAT3" cells were determined by measuring the number of KLF4*
and phospho-STAT3* cells relative to total glomerular cells (Hoechst*) (*P < 0.05 as compared with control; Mann-Whitney U test). (C) The repre-
sentative images in each group are shown (x20). (D) %KLF4* and %phospho-STAT3* in each glomerulus were plotted for healthy donor (n = 36) and
RPGN biopsies (n = 59) and analyzed using hierarchal clustering (Ward's method). With significance set at P < 0.05, cluster 4 is significantly different
from clusters 1and 2, cluster 5 is significantly different from clusters 1and 2, and cluster 3 is different from cluster 2; the remaining clusters are not
significantly different. Scale bars: 50 pm.
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biopsies of RPGN, with many positive cells located within crescentic lesions (39). We subsequently plotted
the expression of KLLF4 and phospho-STAT3 in individual glomeruli from all specimens to demonstrate the
intraglomeruli variability in staining as well as the inverse relationship between KLF4 and phospho-STAT3
expression within each glomerulus (Figure 10D). Using hierarchal cluster analysis, we observed that
glomeruli with high phospho-STAT3 expression (>10% positive cells/glomeruli) formed distinct clusters
as compared with those with high KLF4 expression (>10% positive cells/glomeruli), suggesting that the
relationship between glomerular phospho-STAT3 and KLF4 expression is considerably altered in RPGN
biopsies as compared with control specimens (Figure 10D). Collectively, these data suggest that the loss
of KLF4-mediated inhibition of STAT3 signaling might contribute to the pathogenesis of human RPGN.

Discussion

Here, we identify that KLF4/STATS3 signaling in the podocyte has an essential role in the initiation and
progression of aberrant GEC hyperplasia in murine models of RPGN and FSGS. We illustrated this by
demonstrating that the genetic knockdown of KJf4 specifically in the podocytes in mice on C57BL/6J back-
ground increased their susceptibility to NTS nephritis. Furthermore, podocyte-specific knockdown of Kif4
was sufficient to induce FSGS with aberrant GEC proliferation, renal failure, and a significant reduction in
overall survival on the FVB/N background. Kif4 knockdown in both models was accompanied by STAT3
activation and pathologic GEC proliferation. Moreover, in differentiated podocytes, KLLF4 is critical to the
maintenance of mature podocyte differentiation markers, cell cycle senescence, and preventing cell death;
its loss is associated with STAT3 activation and subsequent IL-6 secretion, which is a potential mediator
of podocyte-PEC crosstalk. Importantly, administration of a selective STAT3 inhibitor partially mitigated
these effects both in our murine model and in vitro. Finally, we observed a significant reduction in KLF4
expression with a reciprocal increase in phospho-STAT3 expression in glomeruli from kidney biopsies with
RPGN as compared with control specimens.

In light of the reported role of KLF4 as a negative regulator of the cell cycle (15), its vital function
in the maintenance of mature differentiated podocyte markers (actin stress fiber formation and cell cycle
arrest) is not surprising. Developing podocytes express Cyclin A, Cyclin B1, and Ki67 until the capillary
loop stage; thereafter, there is no further expression of these markers, coinciding with increasing expression
of Cyclin D1, p27, p57, and Synaptopodin (40). Furthermore, the persistent activation of these markers is
required for quiescence and G phase arrest in mature terminally differentiated podocytes (40-42). Here,
we show that KLF4 knockdown in cultured podocytes is accompanied by the loss of Cyclin DI and p57
expression with an increase in Cyclin A2 and -E1 expression, as well as a shift from G /G, to the S and
G,/M phases. Importantly, this cell cycle reentry was associated with a significant reduction in cell surviv-
al. Similarly, mice with podocyte-specific K/f4 deletion (FVB/N background) also exhibited a reduction in
p57 expression, as well as an increase in mitotic and apoptotic GECs. These observations are in accordance
with prior studies that showed similar disruptions of cell-cycle regulatory proteins in podocytopathies,
such as increased expression of Cyclin Bl and -B2 in murine models of HIVAN (43), Cyclin A in human
biopsies of collapsing glomerulopathy (44), and Cyclin E in cellular FSGS (30). Previous reports have
demonstrated that KLF4 transcriptionally represses Cyclin E (17) and activates p57 expression (15, 35),
supporting our findings that the loss of KLF4 in differentiated podocytes is associated with dysregulated
cell-cycle reentry. Here, we also show that this cell cycle reentry was accompanied by destabilization of
actin cytoskeleton and apoptosis. This combination of aberrant podocyte mitosis and cell death, termed
mitotic catastrophe, was previously reported, where differentiated human podocytes treated with mito-
genic stimuli had increased susceptibility to apoptosis (45). Furthermore, podocytes undergoing mitotic
catastrophe, as evidence of pathologic cell cycle reentry and subsequent loss, has been observed in human
biopsies of IgA nephropathy and collapsing FSGS (46).

Alterations in cell cycle regulatory proteins alone are unlikely to be sufficient to initiate podocyte injury
and/or loss. This has been demonstrated in prior studies with p57-KO mice that have normal glomerular
development (42), as well as by our finding that mice with podocyte-specific KIf4 knockdown on C57BL/6J
background did not develop overt disease. Instead, we postulate that enhanced activation of STAT3 signal-
ing is required for the loss of mature differentiation markers and eventual podocyte loss. STAT3 activation
in the podocyte has been demonstrated to be pathologic in both the HIVAN (47) and NTS (6) murine
models. In keeping with this, our observations revealed a reduction in STAT3 activation in podocytes
under nonpermissive, differentiated conditions as compared with permissive conditions. Interestingly, the
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loss of KILLF4 reactivated STAT3 signaling under nonpermissive conditions, leading to mitotic catastrophe
and podocyte death while triggering IL-6-induced paracrine signaling between podocytes and PECs. How-
ever, our studies demonstrate that it is possible to suppress this aberrant reactivation of STAT3 signaling
in KLF4-knockdown podocytes by either restoring KLF4 expression or with pharmacological inhibition
of STATS3 signaling. Our data is supported by recent publications by Qin et al. delineating the interaction
between KLF4 and STAT3 in neurons, where KLF4 binds to phosphorylated STAT3 and suppresses its
downstream signaling (21) and by our co-IP assays demonstrating the similar interaction exists in podo-
cytes. Moreover, this inhibitory interaction, combined with studies that have shown KLLF4 as a downstream
STATS3 target (23, 48, 49), is suggestive of a novel negative-feedback pathway in podocytes.

Of particular interest is the strain-dependent nature of glomerular STAT3 expression after K/f4 knock-
down. Here, we observed that the podocyte-specific loss of Ki/f4 on the FVB/N background was sufficient
to render the development of FSGS with podocyte detachment and GEC proliferation, which might be due
to enhanced constitutive STAT3 activation observed in this strain. Consistent with this, previous studies
demonstrated that STAT3 activation drives chronic kidney disease progression preferentially in FVB/N as
compared with C57BL/6J mice, with transcriptome profiling revealing an enrichment in STAT3 conserved
binding sites in the genes differentially expressed in the FVB/N mice (29). This might speak to why, as
demonstrated by Hayashi et al, decreased glomerular Ki/f4 expression is not sufficient to drive PEC pro-
liferation in either the Adriamycin nephropathy or diabetic nephropathy murine models on a C57BL/6J
background (19). It is also likely that the consequences of reduced podocyte-specific Kif4 are dose depen-
dent in addition to strain dependent. In keeping with this, the phenotypic diversity observed between our
C57BL/6J and FVB/N strains might also be due to variable efficiency of Kif4 knockdown, perhaps second-
ary to the mosaicism of Cre recombinase activity. These effects can be mitigated in future studies by using
CRISPR-Cas9 technology.

Pharmacologic inhibition of STAT3 activation with S31-201 partially restored survival in KLF4-knock-
down podocytes in nonpermissive conditions and attenuated albuminuria in Podocin-Cre KIf4"# mice on the
FVB/N background. The vast majority of work regarding STAT3 inhibition in kidney disease has been
done in fibrosis, where STAT3 inhibition with administration of S3I-201 (34), paclitaxel (50), or mesen-
chymal stem cells (51) has reduced fibroblast activation and attenuated fibrosis after unilateral ureteric
obstruction in mice. In glomerular disease, administration of the small molecule inhibitor of STAT3, Stat-
tic, delayed onset of lupus nephritis in a murine model (52). Collectively, these data raise the possibility of
STATS3 inhibition as a viable therapeutic target in glomerular diseases such as RPGN.

Although podocytes may reenter the cell cycle following injury or mitogenic stimuli, recent studies
have demonstrated that they do not comprise the majority of the proliferating GECs in proliferative
glomerulonephritis (GN) (2, 3). While we cannot definitively conclude the source of the GECs with-
out lineage tracing, we hypothesize that STAT3-mediated mitotic catastrophe in the podocyte stimu-
lates aberrant PEC proliferation in this model. In fact, this podocyte-PEC cross-talk has been implicated
previously by Dai et al., where podocyte-specific deletion of Stat3 reduced PEC accumulation in NTS
nephritis (6). While STAT3 activation is traditionally antiapoptotic and induces cellular proliferation
(53), this is likely cell-context dependent (54). We suggest STAT3 is proapoptotic in podocytes, as their
proliferative capacity is limited by their G arrest (45), and paracrine signaling between the injured podo-
cyte and PECs is likely responsible for PEC accumulation. A potential mediator of cell-cell communi-
cation between podocytes and PECs is IL-6, which is both a STAT3 activator and a downstream target
(55). Previous studies have shown that podocytes both express and secrete IL-6 in response to inflam-
matory mediators such as LPS (56) or TNF-a (57), and circulating IL-6 levels are significantly increased
in patients with RPGN (58). Our data corroborates these observations and confirms that the loss of
KLF4 in differentiated podocytes in culture induces IL-6 secretion during differentiation. Furthermore,
treatment of PECs with this IL-6—containing supernatant is sufficient to trigger STAT3 activation and
proliferation. Future studies will focus in more detail on the effect of podocyte-specific IL-6 induction on
PEC:s, as well as identification of additional STAT3-induced secreted molecules that might mediate the
cross-talk between podocytes and PECs.

The prodifferentiation and salutary effects of KLF4 in the podocyte might overlap with other members
in the KLF family. For instance, we previously showed that KLF15 transcriptionally regulates podocyte dif-
ferentiation genes (13) and is required for the beneficial effects of glucocorticoids in the podocyte after inju-
ry (59). Furthermore, prior studies also revealed that glomerular expression of KIf15 was increased in mice
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with podocyte-specific Kif4 deletion on the C57BL/6J background (19), suggesting a potential compensa-
tory response to prevent podocyte injury at baseline in this strain. However, it remains unclear whether this
compensatory response is lost in the FVB/N strain or in KLF4-knockdown podocytes, thereby contributing
to the injury observed in these models. Furthermore, the reno-protective role of KLF4 might be attribut-
ed to the demethylation of the Nephrin promoter with enhanced promoter activity (19). However, after
podocyte-specific Kif4 knockdown, these epigenetic changes were only reported to occur in the setting of
podocyte stress (19); therefore, it remains unclear if it might contribute to phenotypic changes observed in
both differentiated human podocytes and in FVB/N mice with KLF4 knockdown. These epigenetic chang-
es mediated by KLF4 will need to be addressed in subsequent studies by examining the reno-protective role
of podocyte-specific KLF4 induction in murine models of proliferative GN.

Finally, immunostaining of human biopsy specimens confirmed the nuclear and cytosolic distribution
of KILLF4 previously observed, as well as its primarily glomerular localization (19). Importantly, the dysreg-
ulated relationship between glomerular KI.F4 and phospho-STAT3 expression in RPGN biopsy specimens
supports our claim regarding the essential role of this signaling pathway in proliferative glomerulonephri-
tis. Whether the ratio of KLF4/phospho-STAT3 expression correlates with disease severity, progression, or
response to therapy remains uncertain and will be the basis for further investigations.

Taken together, these data provide evidence toward the essential role of KLF4/STATS3 signaling
in the podocyte in proliferative glomerular lesions, which, to the best of our knowledge, has not been
previously described. Specifically, our studies suggest that podocyte-specific KLF4 is required for the
mature podocyte phenotype, including cell cycle quiescence, and its downregulation results in the acti-
vation of STAT3 signaling with a subsequent loss of differentiation markers and reduced survival.
This is further supported by the reciprocal pattern of KI.F4 and phospho-STAT3 expression in RPGN
as compared with control kidney biopsy specimens. Furthermore, our data provide a glimpse toward
potential mediators of podocyte/PEC paracrine signaling, which will be the basis for future studies. In
all, enhancing KLF4-mediated inhibition of STAT3 signaling might serve as a viable target for therapy
in glomerulopathies with aberrant GEC proliferation.

Methods

Genotyping of Podocin-Cre KIf4"" mice. KIf4"" (C57BL/6J) mice were generated by inserting LoxP sites flank-
ing exons 2 and 3 of the Kif4 gene as previously reported (60). KIf#"" mice (C57BL/6J) were crossed
with mice expressing Cre recombinase under the control of the Podocin promoter (B6.Cg-Tg [NPHS2-cre]
295Lbh/J; The Jackson Laboratory). KIf4"" mice were crossed 9 generations with Podocin-Cre (FVB/N) to
generate Podocin-Cre KIf4"" (FVB/N) mice. Genotyping was performed as previously described (61).

NTS nephritis model. In the NTS model, 12-week old Podocin-Cre KIf#"" and Podocin-Cre KIf4*'* male lit-
termates were first sensitized with an i.p. injection of 0.5 mg sheep IgG (Jackson ImmunoResearch) with
complete Freund’s adjuvant (MilliporeSigma) or PBS. Five days later, mice were administered either 100
ul of NTS or VEH (sterile PBS), i.p. Urine was collected prior to IgG injection and after 7 and 14 days.
Serum was collected prior to injection and at the time of sacrifice. Mice were euthanized at either day 7 or
14 after injection, and kidneys were harvested for histology, protein, RNA, and glomerular isolation. Urine
albumin was quantified by ELISA (Bethyl Laboratory Inc.). Urine creatinine levels were measured in the
same samples using the QuantiChrom Creatinine Assay Kit (DICT-500; BioAssay Systems) according to
the manufacturer’s instructions. Serum creatinine was measured by the Isotope Dilution LC-MS/MS at the
University of Alabama at Birmingham O’Brien Core Center.

S3I-201 treatment protocol in mice. Podocin-Cre KIf4"" (FVB/N) mice with dipstick-positive proteinuria,
at 7 weeks of age, were randomized to receive either S31-201 10 mg/kg (Santa Cruz Biotechnology Inc.) or
DMSO, i.p., 3 times weekly according to previously published protocols (34, 62, 63). Urine was collected
weekly up until 11 weeks of age.

Isolation of glomeruli, primary podocytes, and PECs from mice. Mouse glomeruli were isolated as previously
described (64). After glomerular isolation, primary mouse podocytes were isolated as previously described
(65) and processed for RNA or protein preparation. For PEC isolation, glomeruli were cultured on collagen
1—coated slide plates in RPMI 1640 (Gibco) containing 10% FBS (Cansera International) supplemented
with 100 U/ml penicillin. Cultures were incubated in a 37°C humidified incubator for 4 days prior to
treatment with 10% supernatant from podocytes with KLF4-knockdown or controls. PEC outgrowths from
capsulated glomeruli were confirmed by Claudin-1 staining.
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Cell culture. Conditionally immortalized human podocytes were previously a gift from Peter Mun-
del (Massachusetts General Hospital, Boston, Massachusetts, USA). Methods for podocyte cultivation,
immortalization, and differentiation were based on a previously described protocol (59).

KLF4 knockdown in podocytes was performed using Genecopoeia lentiviral ShARNAmir system with
HSH022519-21-LVRU6GP (KLF4-shRNA21) and HSH022519-22-LVRU6GP (KLF4-shRNA22) and CSHC-
TROO1-LVRU6GP (Scr-shRNA) constructs. LentiORF-KLF4 clone was purchased from Genecopoeia, and
KLF4 overexpression was achieved by transfecting human podocytes using Viafect (Promega). Cells were
selected with 1.25 pg/ml puromycin for 2—3 weeks prior to use in all studies. Western blot was performed to
confirm KLF4 overexpression in LentiORF-KLF4 as compared with LentiORF-RFP podocytes. For IP studies,
cells were lysed with radioimmunoprecipitation assay buffer with protease inhibitors and immunoprecipi-
tated with antibodies against rabbit anti-KLLF4 antibody (PM057, MBL). Interacting phospho-STAT3 was
detected by immunoblotting with rabbit anti—-phospho-STAT3 antibody (D3A7, Cell Signaling Technolo-
gies). As controls, protein lysates transfected with the control vector (LentiORF-RFP) and precipitation with
the IgG isotype control were used for each group. Input (2%) of whole cell lysates was immunoblotted with
phospho-STAT3 and GAPDH to detect protein expression.

Immortalized mouse PECs were a gift from Stuart Shankland (University of Washington Medical Cen-
ter, Seattle, Washington, USA). Methods for cultivation and differentiation of mouse PECs were based on
previously described protocols (66, 67). Cells were initially cultured under growth-permissive conditions at
33°C and then differentiated at 37°C for 14 days prior to being used for experiments.

For studies involving cell counting, we followed the manufacturer’s protocol using the Z1 Coulter
Particle Counter (Beckman Coulter). Cells were evaluated for apoptosis using a FACS Calibur flow
cytometer as previously reported (61). For LIF experiments, human podocytes were seeded in 6-well
plates at the confluence of 70%, placed in 37°C for 14 days, and subsequently treated with LIF (100
ng/ml) or VEH for 15 minutes. Subsequently, cells were harvested for real-time PCR and Western blot.
For S3I-201 experiments, human podocytes (KLF4-shRNA22) were seeded in 96-well plates at 2,000
cells per well and treated with S31-201 (Santa Cruz Biotechnology Inc.) or DMSO at 12.5 pm starting
at day 1 under nonpermissive conditions. Media containing S3I-201 was replaced at 48 hours, and
MTS assay was performed. Cell cycle analysis was performed on an FACS Calibur Flow Cytometer
at Stony Brook University with data analysis as previously described (59). To assess cell proliferation,
MTS solution (Promega) was added to the culture media, and plates were incubated for 2 hours at
37°C with 5% CO,. Optical density was determined at 490 nm using a 96-well plate reader SpectraMax
M3 (Molecular Devices).

IL-6 measurement in supernatant. ELISA (Cayman Chemicals) for human IL-6 was performed on the
supernatant from human podocytes with and without KLF4 knockdown (Scr-shRNA and KLF4-shR-
NA22). Cells were seeded at 600,000 per 15-cm plate and placed in 37°C to differentiate. After 24 hours,
media was removed and cells were washed 5 times with PBS. Phenol-red, ITS, and serum-free RPMI
was replaced. After 48 additional hours, supernatant was harvested and centrifuged for 5 minutes at 500
g and then for 10 minutes at 1,500 g before being filtered through a 200-nm filter and stored in —80°C
prior to ELISA.

Real-time PCR. Total RNA was extracted from cells by using TRIzol (Gibco) or from glomeruli of
mice using the RNeasy Kit (Qiagen). CDNA preparation and real-time PCR was performed as previously
described (59). Primer sequences for mouse K/f4, mouse I/-6, mouse Socs3, mouse Stat3, mouse Icam-I,
mouse Synpo, mouse Nephrin, mouse Wtl, human KLF4, human IL-6, and human p57 were designed using
NCBI/Primer-BLAST (Supplemental Table 1). Primers for CCNA2 (qt00014798), CCNBI (qt0000615),
CCNE]1 (qt00041986) and CCND! (qt00495285) were purchased from Qiagen.

Western blot analysis. Western Blot analysis using rabbit anti-KLF4 (PM057; MBL), rabbit anti-GAPDH
(MAB374; MilliporeSigma), mouse anti—total-STAT3 (124H6; Cell Signaling Technologies), and rabbit
anti-phospho-STAT3 (D3A7; Cell Signaling Technologies) was done as previously reported (61). Blots
were either developed as previously reported (61) or with the Azure c400 Gel Imaging System.

Histopathology. Mice were perfused with PBS, and the kidneys were fixed, embedded, and sectioned as
previously described (61). Slides were stained with PAS (MilliporeSigma), H&E, and Masson’s trichrome
staining. Quantification for both C57BL/6J and FVB/N mice was performed, blinded, by renal patholo-
gist (ML.P. Revelo) using the following scoring system for inflammation and fibrosis: 0, none; 1, <10%); 2,
10%—-25%; 3, >25%-50%.
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Transmission EM was performed as recently described (61) using a Hitachi H7650 Microscope.
Negatives were digitalized, and images with a final magnitude of approximately x6,800, x13,000, and
%x49,000 were obtained.

Immunofluorescence. Immunofluorescence for goat anti-KLLF4 antibody (AF3158; R&D Systems),
rabbit anti—phospho-STAT3 antibody (D3A7; Cell Signaling), rabbit anti-Ki67 antibody (CRM325B;
Biocare Medical), mouse anti—Claudin-1 (81796; Santa Cruz Biotechnology Inc.), rabbit anti-Neph-
rin (NBP1-30130; Novus), mouse anti-WT1 (sc-7385 Santa Cruz Biotechnology Inc.), rat anti-Nestin
(MAB353; MilliporeSigma), mouse anti-p57 (sc-56456; Santa Cruz Biotechnology Inc.), goat anti-Syn-
aptopodin (sc-21537; Santa Cruz Biotechnology Inc.), or rat anti-CD44 (103001; BioLegend) was per-
formed as recently reported (61). After staining, slides were photographed under a Nikon Eclipse 190
microscope with a digital camera. Quantification of intensity and cell number was performed using
ImagelJ 1.26t software (NIH, rsb.info.nih.gov/1j).

Deidentified human kidney biopsy specimens with RPGN from Stony Brook University and University
of Utah were obtained for staining of KLF4 and phopsho-STAT3. The diagnosis of RPGN in kidney biop-
sy specimens was provided by the renal pathologist (M.P. Revelo). Control kidney biopsy specimens were
acquired from the unaffected pole of nephrectomies. Percentage of glomerular KLF4 and phospho-STAT3
cells were quantified by counting the total number of either KLF4 or phospho-STAT3* cells and dividing
over total number of Hoechst* cells.

Statistics. All continuous data was assessed for normality, and then parametric or nonparametric
tests were employed for data analysis, as appropriate. For normally distributed data, a 2-tailed ¢ test
was used to compare data between 2 groups, and 1-way ANOVA with Tukey’s post hoc test was used
to compare data between more than 2 groups. For data sets in which we could not assume normality,
nonparametric statistical tests were performed using the Mann-Whitney U test to compare data between
2 groups and the Kruskal-Wallis test with Dunn’s post hoc test to compare data between more than 2
groups. Continuous data are expressed as mean = SEM. All experiments were repeated a minimum of
3 times, and representative experiments are shown. Kaplan-Meier survival analysis with log-rank test
was used to generate and compare survival curves in mice. Statistical significance was considered when
P < 0.05, and analysis was performed using GraphPad Prism 6.0a. A hierarchal cluster analysis (Ward’s
method) was conducted in SAS v9.4 and was performed to analyze the relationship between KLF4 and
phospho-STAT3 in individual glomeruli from patients with RPGN versus controls.

Study approval. All animal studies conducted were approved by the Stony Brook University Animal
Institute Committee. Stony Brook University IRB approved the use of archived deidentified human biopsy
specimens for immunostaining.
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